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The intensity of photoluminescence (PL) peaks at 4.1 eV (300 nm) and 3 .1 eV (400 nm) for the buried 
oxide (BOX) layer of SIMOX structures is less for triple-implant than for single implant samples and 
is further reduced in single-implant sample by supplemental oxygen implantation. Heat treatment of 
samples from which the top Si layer was removed decreases the PL intensity in the ultraviolet (UV) 
region even further. The behavior of the PL is mainly attributed to oxygen deficiency centers in the 
surface region of a-Si nanoclusters in the BOX layer. 



L INTRODUCTION 

The properties of the buried oxide layer of 
SIMOX structures prepared by implanting oxy- 
gen ions into silicon are significantly different 
from those of thermally grown Si0 2 films [l] t 
The reason is that the oxide network in BOX 
layers is similar to that of densified (com- 
pressed) with concomitant excess silicon ran- 
ging from oxygen vacancies to amorphous sili- 
con (aSi) nanoclusters, as well as even crystal- 
line Si islands in seperate phases. These featu- 
res depend very strongly on the preparation 
conditions. 

It was found previously that the PL spectrum 
of the BOX layer of a single-implanted SIMOX 
sample prepared with 1.7xl0 18 0 + /cm 2 dose is 
different from that of thermally grown oxide as 
it exhibits two peaks, one at 4.3 eV (290 nm) 
and the other at 2.7 eV (460 nm) [2]. It was 
suggested that the oxygen vacancies are respon- 



sible for them. In [3] it was shown, that the UV 
emission around 280 nm of a BOX layer can be 
reduced by a supplemental oxygen implant. 

Recently, a lot of activity to investigate Si- 
and Ge-rich Si0 2 layers produced by ion im- 
plantation was started. In these studies the PL 
spectra were also explained with neutral oxygen 
vacancies or other oxygen deficiency centers 
[4,5]. 

The purpose of this work was to study the 
effects of oxygen implant conditions and post- 
implant processes on the PL behavior of the 
BOX layer of SIMOX structures. The effect of 
heat treatment on pseudo-SIMOX structures 
(top Si layer removed) is also reported; this 
point is relevant to the defect structure of BOX 
layers. An important aspect of this work is that 
the samples used in this work have been exten- 
sively studied by various electrical and other 
techniques so that the PL spectra could be cor- 
related with the results of those studies. 
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2. EXPERIMENTAL 

We have studied single-implant (1.5xl0 18 
0 + /cm 2 ) and multiple-implant [(0.5+0.5+0.8) 
xlO 18 07cm 2 ] SIMOX samples annealed at 
1320 °C in Ar as well as these samples with 
supplemental implantation of O.lxl 0 18 OVcm 2 
followed by 1 hour heat treatment in Ar at 1000 
°C. In addition, we have also measured Si0 2 
films thermally grown in dry 0 2 at 1000 °C in a 
poly-Si tube. The thickness range of all the 
oxide layers is 300 to 350 nm. Two pieces of 
each SIMOX sample were prepared in the fol- 
lowing manner; whereas one remained untrea- 
ted, the other piece was heat treated in 0 2 at 
1000 °C for 1 hr before the PL measurement. 

The top Si layer (when present) was remo- 
ved from the samples before the PL measure- 
ments. These measurements were performed at 
room temperature in a Spex Fluoromax spec- 
trometer with a R928 Hamamatsu Photomulti- 
plier using an excitation wavelength of 250 nm. 

3. RESULTS 

The results are shown in Figs. 1 and 2 where 
the curves labelled V refer to samples without 
the oxygen post-anneal treatment and those 
labelled "b" refer to samples with such a treat- 
ment. 

Thermally grown oxide did not show any PL 
effect. The predominant features of the PL 
spectra are the peaks around 300 nm (4. 1 eV) 
and 400 nm (3.1 eV). A comparison of curves 
la and 2a shows that both peaks are smaller for 
the multiple-implant sample than the single- 
implant one. Curve 3a shows that the supple- 
mental 0 + implantation resulted in a reduction 
of the height of both peaks. A comparison of 
curves a and b shows that the heat treatment of 
the pseudo-SIMOX samples reduced the UV 
peaks for all the samples. 
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Fig. 1. PL spectrum of a single-implant SIMOX 
sample without heat treatment at 1000°C (curve la) 
and with heat treatment (curve lb); also shown is 
the lack of PL activity of thermally grown oxide 
(curve A). 

Furthermore, the supplemental O* implanta- 
tion causes a shift of the peak positions towards 
longer emission wavelengths. In contrast to the 
curves 2a and 2b the UV peak now exhibits a 
bimodal behavior: In the case of the supple- 
mental 0 + implantation it has a main compo- 
nent at 3 10 nm and a shoulder around 290 nm. 

It was found that the use of additional inter- 
ference filters in the excitation beam can sup- 
press the blue PL (above 400 nm), whereas this 
is not possible in the case of UV emission. This 
implies that the blue PL features are mainly due 
to scattering in the samples, whereas the UV 
emission is caused by real PL. 

The PL spectra shown in Figs. 1 and 2 can 
be correlated with various other results, prima- 
rily those obtained with photo-injection of 
electrons into the BOX; the results of these 
studies are summarized in a review paper [1]. 
The most pertinent result is that SIMOX-BOX 
layers usually contain amorphous silicon clu- 
sters ranging in size from about 1 to 4 nm. The 
a-Si clusters are photo-active amphoteric de- 
fects that under high electron injection level act 
as electron traps with a large capture cross sec- 
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Fig. 2 PL spectra of multiple-implant SIMOX 
sample (curves 2a and 2b) and multiple-implant 
sample with supplemental O-implant (curves 3a and 
3b; curves a and b: without and with heat treatment 
at 1000°C, respectively. 

tion. At low injection level electrons can be 
removed from them by photo-depopulation so 
that they become positively charged. Qualitati- 
vely, the order of increasing height of both PL 
peaks is the same as the extent of positive char- 
ging of the BOX induced by photo-injection: 
multiple-implant with supplemental O-implaht, 
multiple-implant, single-implant samples. 
However, the quantitative aspects are different, 
as shown, for example, by the much larger dif- 
ference between single-implant and multiple- 
implant samples regarding the density of positi- 
ve charge (about 1.2xl0 12 |e| cm' 2 vs, (0.01- 
0.05)xl0 12 |e| cm' 2 ) than the difference in height 
of either of the 300 nm or 400 nm peaks. 

A comparison of curves a and b for all the 
samples indicates that the heat treatment in 
oxygen decreased the density of the entities 
responsible for the PL peaks but did not elimi- 
nate them. On the other hand, this heat treat- 
ment practically eliminates the positive char- 
ging effect, provided the heat treatment was 
performed without the top Si layer being pre- 
sent, i.e. the oxide layer was un-confined. 



4. DISCUSSION 

Based on these considerations we suggest 
that the UV emission is associated with oxygen 
deficiency centers in the surface region of a-Si 
clusters. 

It seems unlikely, that the UV peaks are due 
to quantum confinement effects in Si nanoclu- 
sters. For very small nanoclusters the bandgap 
should strongly depend on their size, and ac- 
cording to the size range of the a-Si clusters (1 
to 4 nm) a very broad PL distribution is expec- 
ted. 

Previously it was demonstrated, that the 
strong short wavelength PL of Si + implanted 
thermally grown Si0 2 layers is not associated 
with intrinsic radiation-induced defects but is 
due to excess silicon in the oxide. The neutral 
oxygen vacancy was assumed to be responsible 
for the observed PL. This molecular defect can 
exist in the network in isolated form or in the 
close surrounding of a-Si clusters. In each case 
there is no PL dependence on the cluster size 
[4]. 

However, there is another point which is not 
yet fully clarified. It is known that the density 
of hole traps (which are usually assumed to be 
the E' centers acting as precursors for the neu- 
tral oxygen vacancy) in SIMOX BOX layers is 
practically independent of the preparation con- 
ditions, even including the additional increase 
of the BOX thickness by supplemental 0 + im- 
plantation. This behavior is in contrast to the 
density of photo-active and PL-active defects. 

Based on these considerations we believe 
that the UV emission is caused by oxygen defi- 
ciency centers located at the surface or in the 
close surrounding of the a-Si clusters. 

The observation, that the density of a-Si clu- 
sters is reduced by a post-anneal oxygen heat 
treatment at 1000 °C but not completely elimi- 
nated, is different from the earlier result which 
indicated that practically no positive charging 
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occurs after such a heat treatment. It is possible 
that the heat treatment changed the clu- 
ster/oxide interface of some clusters preventing 
the photodepoulation of electrons but maintai- 
ning their PL-activity. 

5. CONCLUSION 

This study demonstrates that the PL spectra 
of BOX layers of SIMOX samples depend 
strongly on their preparation conditions. The 
intensity of the PL peaks correlate qualitatively 
with the density of a-Si nanoclusters as derived 
from photo-injection studies. The PL behavior 
reveals an additional complexity in the defect 
structure of SIMOX BOX layers as the inter- 
face between the a-Si nanoclusters may play a 
role in their electron depopulation behavior. 
The potential technological implication is that 
a-Si clusters may be present even in those 
samples which do not show the positive char- 
ging effect. 
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exposure to short radiation pulses. A fast capacitance-voltage technique was us 
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Abstract 

The radiation response characteristics of single- and 
multiple-implant SIMOX (separation by implantation of oxy- 
gen) buried oxide layers that had received a supplemental oxy- 
gen implant and anneal step were measured as a function of 
temperature and time after exposure to short radiation pulses. A 
fast capacitance-voltage technique was used for these measure- 
ments. The results indicate that, in comparison to standard 
SIMOX, the supplemental-implant SIMOX buried oxide shows 
hole motion through the oxide, greatly reduced bulk hole trap- 
ping, and little or no bulk shallow electron trapping. Substantial 
interfacial hole trapping was observed in these materials, as well 
as deep electron trapping in the single-implant material. 

I. Introduction 

Silicon-on-insulator (SOI) buried oxides prepared by the 
SIMOX (separation by implantation of oxygen) process have 
been shown to contain a high density of both deep hole traps 
and shallow electron traps, in contrast to standard gate oxides 
produced by direct free-surface thermal oxidation [1-41. The 
hole traps pose a problem for the radiation hardening of SIMOX 
layers, while the electron traps may contribute to oxide leakage 
current conduction. The major differences between thermal 
oxides and SIMOX oxides have been attributed to oxygen defi- 
ciency or excess silicon in the SIMOX buried oxide (BOX) layer. 
The dominant hole trap identified in the SIMOX BOX after 
exposure to ionizing radiation or a flux of holes is a form of E' 
center [41; in the simplest model, the E' center is formed by 
interaction of a hole with an oxygen vacancy in the Si02 lattice 
[51. The excess silicon may result from reducing conditions gen- 
erated in the BOX during the high-temperature (near 130O°C) 
anneal step common in SIMOX processing. During this anneal, 
the BOX is sealed off from a supply of additional oxygen by the 
top silicon layer [4]. A logical approach to reducing the bulk 
hole trapping in the SIMOX material was proposed by Hughes, 
Revesz, and others [6]: to convert the SIMOX BOX into a more 
nearly stoichiometric Si02 layer (presumably, more like a 



"thermal" oxide) by adding additional oxygen to the BOX after 
completion of SIMOX processing. The additional oxygen is 
added by implantation and then the BOX is annealed to pro- 
mole oxidation of the excess silicon at a temperature (near 
1000°C) known to result in oxide layers with low trap densities. 

In this work, we examine radiation-generated charge buildup 
in both single- and multiple-implant SIMOX buried oxides that 
have received an additional or supplemental oxygen implant and 
moderate-temperature anneal. We measured the time-dependent 
response of these materials to short-pulse radiation exposure as 
a function of buried oxides that have received an additional or 
supplemental oxygen implant and moderate-temperature anneal. 
We measured die time-dependent response of these materials to 
short-pulse radiation exposure as a function of temperature and 
applied bias, using a fast capacitance-voltage (C(V g )) technique, 
and analyzed the results using simple models to determine the 
primary response mechanisms and associated material param- 
eters. The results indicate that the radiation response of the 
supplemental-oxygen-implant (SUPOX) SIMOX BOX differs 
substantially from that of the untreated or standard SIMOX. In 
contrast to standard SIMOX, SUPOX SIMOX shows greatly 
reduced trapping of radiation-generated holes in the interior 
(bulk) of the BOX and transport of holes through the BOX similar 
to that observed in thermal oxides. Also unlike standard SIMOX , 
and like thermal oxides, the single-implant material shows little 
or no shallow trapping and subsequent dctrapping of electrons 
in the bulk of the BOX. However, unlike thermal oxides, at least 
die single-implant SUPOX material shows evidence for sub- 
stantial long-term, or deep, trapping of radiation-generated elec- 
trons in the BOX. 

II. Samples and Experimental Techniques 

IBIS Technology Corporation supplied two types of 
supplemental-implant SIMOX in wafer form. The single- 
implant SUPOX material was produced with a 1.8 x lOWcm^ 
200-keV oxygen implant and subsequent high -temperature 
anneal; the multiple-implant SUPOX material received three 
lower-dose oxygen implants with interspersed anneals. Follow- 
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ing normal SIMOX processing, each wafer received a supple- 
mental oxygen implant of 1 x 10 17 /cm2, followed by a 1-hour, 
1000°C anneal Nominal BOX thicknesses for the single- and 
multiple-implant wafers were 403.4 and 387.3 nm, respectively. 
BOX metal-oxide semiconductor (MOS) capacitors were fabri- 
cated on the SUPOX wafers at the Army Research Laboratory 
Semiconductor Engineering and Materials Technology Facility 
(ARL SEMT). These BOXCAPs consisted of /i+-doped 
superficial-Si and polysilicon electrodes over the BOX layer on 
the ^- type Si substrates. C(V g ) measurements on these units were 
sensitive to charge effects at the substrate/BOX (back) 
interface. 

We irradiated the BOXCAPs with 4-ps, 13-MeV electron 
pulses using the Armed Forces Radiobiology Research Institute 
(AFRRI) electron linear accelerator (LIN AQ. The samples were 
exposed under a selectable gate bias, V g , in an evacuated sample 
holder with provisions for temperature control from 77 to 
450 K and for both active and passive dosimetry (PIN diode, 
thermoluminescent dosimeters). To minimize perturbations of 
the internal electric field in the BOX by radiation-generated space 
charge, the BOX dose was kept below 30 krad(Si02) and the 
magnitude of the electric field, e ox> applied across the BOX was 
kept relatively large (near 1 MV/cm for 40 V across 400 nm) 
[7]. We recorded C(V g ) characteristics for the BOXCAPs 
before and from 0.2 ms to 800 s after a radiation pulse using a 
fast measurement system [8] by interrupting the DC gate bias, 
applying a 160-fis voltage ramp, and simultaneously recording 
the sample capacitance. Midgap voltage shift as a function of 
lime after irradiation, AV^W, was obtained from the €(V g ) data. 
&Vmg is assumed to be equivalent to that component, AV^, of 
the radiation-induced shift in the C(V g ) characteristics caused 
by oxide trapped charge. The variability in the measured AV^W 
from curve to curve caused by pulse-to-pulse dose variations, 
sample variations, and AV^ measurement/extraction errors 
is estimated to be the greater of ±3 V or ±0.1 AV^. Point-to- 
point error in AV^i) within a given curve caused by AV^ 
measurement/extraction errors alone is estimated to be ±1 V. 

m. Results 

Figure 1 shows C(V g ) curves for a single-implant SUPOX 
sample irradiated to 26 krad(Si02) at 194 K with V g - -40 V. 
The dashed curve is the preirradiation characteristic; the other 
curves were taken at the indicated times following the radiation 
pulse. At 0.2 ms after irradiation, the sample shows a negative 
shift (AV^ = -15 V); this shift recovers with time past the 
preirradiation value and is positive at 800 s (A V mg = 8 V). 

Figure 2 shows AV^ (/) for single-implant samples irradi- 
ated with V g = 40 V (e ox near 1 MV/cm) (Fig. 2a) and V g = 
-40 v tea* near-1 MV/cm) (Fig. 2b) at temperatures near 120, 
195, and 405 K at an average dose of 26 krad(Si02). For V g = 
40 V, the observed shifts are large and negative; for negative 
bias, the shifts are substantially smaller, and both negative and 
positive shifts are observed. For the -40-V cases, AV^ at early 
times (near 0.2 ms) is near -15 V at both 120 and 194 K. At 
120 K, AV ffl _ just begins a slow recovery (becomes less 
negative) at about 1 s; at 194 K, &V mg shows a relatively rapid 
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Figure 1. C(V g ) curves for a single-Implant supplemental- 
ox ygen-Im plant SIMOX BOXCAP before (dashed curve) 
and after (solid curves) exposure to a 26-krad(S102) LINAC 
pulse at 194 K with V g = -40 V. 
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Figure LAV^t) for single-Implant supplemental-oxygen- 
Implant SIMOX BOXCAPs after exposure to 26-krad(SI0 1 ) 
LINAC pulses at various temperatures: (a) V g = 40 V and 
(b) Vj = -40V. 
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transition to a positive 8-V shift at late times (near 800 s). At 
300 K, AV^ is near 7 V and shows little change with time. 
Overall, the data suggest a temperature-activated recovery pro- 
cess that is barely begun at 800 s at 120 K and is largely com- 
plete by 800 s at 300 K. A similar pattern is observable in the 
+40-V data (Fig. 2a). In this case, AV^ is near -56 V at early 
times at 120 and 193 K; a rapid transition is made at 193 K to 
near -75 V, and AV^ shows little change (slight positive shift 
to-71 V) from near -75 V at 300 K. At 405 K, AV^ starts out 
near -7 1 V at 0.2 ms and then begins a rapid positive shift start- 
ing at about 0.01 s. A much weaker positive shift starting at this 
time is also detectable in the -40- V data at 405 K (Fig. 2b). 

Figure 3 shows AV^(0 measured on triple-implant samples 
exposed to l4.5-krad(Si<>2) pulses under 40-V (Fig. 3a) and 
-40-V (Fig. 3b) gate biases. For this material, Al^ is always 
negative for both positive and negative V gt and shows relatively 
little change with time (note the expanded AV^ scales). Pulse- 
to-pulse variability in the measured AV^ (which primarily 
affects the positions of the AV^ft) curves on the voltage scale) 
makes these data more difficult to interpret Nevertheless, within 
experimental error the general pattern of response seen in Fig- 
ure 2 is discernible here: FbrV g = -40V, the early shift at 121 
and 184 K is near -19 V; AV^ makes a transition in the posiuve 
direction at 184 K to near-15 V and remains there at 294 K. For 
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V g = 40 V, the early shifts at 121 and 184 K are near -23 V, and 
AV^ makes a negative-going transition at 184 K. The 294 K 
and early 402 K shifts are near -28 V; at 402 K, AV^ starts a 
substantial posiuve recovery at about 0.1 s. 

IV. Analysis and Discussion 

A. Initial Charge Trapping 

As noted in Section III, for the single-implant samples irra- 
diated with V g = 40 V (Fig. 2a), the shifts at 120 K and at 193 K 
at early times are near -56 V. These shifts may be compared 
with AKfl, which is the expected AV ot for an irradiated oxide 
layer if all the radiaiion-generated holes are trapped or immobi- 
lized near their points of origin in a uniform distribution through 
the oxide and no electrons are trapped. These conditions are 
closely approached in a thermal oxide irradiated below 150 K 
[9]; at low temperatures, holes are essentially immobile in 
S1O2 [5]. For an oxide irradiated with |e 0 J = 1 MV/cm, AV 0 = 
(-1 .4 ± 0.2) x 10-8 d ox 2 D, where d^ is the oxide thickness in 
nanometers and D is the high-encrgy (6GC0 or LINAC) dose in 
rads(Si02) [9.10]. For the present case, AV 0 = -59 ± 9 V; there- 
fore, within experimental error, the early/low-tempcrature 
40-V shifts are close to AV 0 . On the other hand, the results for 
the single-implant samples irradiated under negative V g 
(Kg. 2b) show Al^ ncar-15 Vat 120 and 193 Kat early times, 
and the shifts become positive at later times and higher tem- 
peratures. These results are clear evidence for substantial elec- 
tron trapping in the single-implant SUPOX BOX. ITie apparent 
lack of significant effect of the electron trapping on the 
positive-^ low-temperature AV mg suggests that any electron 
trapping is taking place near, or is at least strongly biased 
toward, the top interface and therefore has little effect on AV^ 
Reduced effect of electron trapping on AV^ under positive V g 
would occur even if the electron traps were distributed uniformly 
through the BOX (see discussion elsewhere f 11). 

The early-time 121- and 184-K shifts for the triple-implant 
SUPOX samples arc near -23 V for = 40 V and near -19 V 
for V g = -40 V (Fig. 3). AV 0 for these samples exposed to 
14,5-krad(Si02) pulses is -3 1 ± 5 V. The reduction of the early- 
time low-temperature shifts well below AV 0 for both negative 
and positive V g suggests the presence of a substantial density of 
electrons trapped in the bulk of the triple-implant BOX at these 
times and temperatures. The spatial distribution of the trapped 
electrons in boih the single- and triple-implant materials is ex- 
amined further in Section IV C, Modeling of Trapped Charge 
Distributions. 

B. AV Recovery Processes 



0X1001 0.001 0.01 0.1 1 10 100 1000 
Time after pulse (8) 

Ftgure 3, AV^t) for triple-Implant supplemental-oxygen- 
hnplant SIMOX BOXCAR after exposure to 14.5-krad(SiOj) 
LINAC pulses at various temperatures: (a) V- = 40 V and 
(b)V, = -40 V. 



Standard SIMOX BOX contains a high density of shallow 
electron traps. These traps capture a large fraction of the 
radiation-generated electrons and then release diem by thermal 
depopulation in about 1 s at room temperature [1], This process 
is almost entirely responsible for the time dependence of AV ot 
observed in standard SIMOX BOX structures at limes less than 
a few thousand seconds following irradiation at or below room 
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temperature. At higher temperature and longer times, some posi- 
tive shift in AV rt is observed from thermal detrapping of holes 
[1]. On the other hand, in thermal oxides, the major cause of 
time-varying AV^ below room temperature for times less than 
1000 s after irradiation (early/low-temperature dV M or AV^) 
is the slow, time-dispersive transport of radiation- 
generated holes through the oxide [11,5]. Following the hole 
transport, additional A V of change is caused by removal of holes 
from traps primarily at the SiCtySi interfaces by thermal de- 
population and tunneling processes [12,5]. 

1. Early/Low-Tempcrature Recovery 

Recent measurements using the 10-keV x-ray photo- 
conduction technique show clearly that substantial hole motion 
takes place in single-implant SUPOX SIMOX BOX layers within 
1 s after irradiation at room temperature [13]. (In contrast, no 
hole motion is observed in standard SIMOX materials [2,13].) 
Therefore, the candidate processes to describe the time depen- 
dence of early/low-temperature AV mg in the SUPOX BOX 
materials are hole transport and electron thermal detrapping. 
(Slow transportof electrons in Si02 has not been observed.) For 
both the single- and triple-implant materials, the carly/low- 
tempemture recovery process produces negative-going AV^O) 
under positive V g and positive-going AV^OJ under negative V g 
(Figs. 2 and 3). The sign of the change in A/^ with time is no 
sure clue to the nature of the process: Transport of holes through 
the oxide can result in negative-going AV^ if more than half of 
the holes are captured by traps at the sensitive SiCtySi interface 
(in the present case, the BOX/substrate interface), and detrapping 
of electrons in the oxide bulk can cause positive-going AV^ if 
more than half of the de trapped electrons are retrapped at the 
sensitive interface. However, from the continuous-time random- 
walk (CTRW) model for hole transport, when &V 0 fc) resulting 
from hole transport is plotted as a function of log(f ) (as has been 
done for our data), a characteristic S-shaped curve results. The 
shape of this curve is characterized by the parameter a, which 
determines the time dispersion, or spread, of the A V ot {t) recov- 
ery [ It JS]. Further, the CTRW model predicts specific behavior 
for AV^ff) at the extremes or asymptotes of the S-curve: i.e., at 
early times when A V ot begins to depart from its initial value and 
at late times as it approaches its final value. For transport under 
negative bias, the early and late stages of the transport are ex- 
pected to be of the forms 

[1 - [AV(z) - A^MAV*^- AV final }} - ,« (1) 

and 

{[AV(/) - AVy^/l/lAV^- AVfinaA) « r« (2) 

respectively [8j. Accordingly, Figure 4 shows -40 V, 194 K data 
(solid symbols) for the single-implant material for AV^ =9 V 
and [AV^^ - AV /mfli ] = -25 V. From the slopes of fits to the 
early and late portions of the data on this log-log plot, we obtain 
trial values of a of 0.33 and 0.3 1 , respecti vely. The close agree- 
ment of these values suggests that the use of the CTRW model 
to fit the data is appropriate. Further, the average a value of 




O 
z 



OOOOI 0,001 OOI 0.1 1 10 100 1000 

Time after pulse (s) 

Figure 4. Single-implant sup pie mental-oxygen -implant SIMOX 
BOXCAP AV^ data from figure 2 for V g = -40 V at 194 K, 
adjusted and normalized to determine early-time (squares) and . 
late-time (circles) asymptotic behavior. 
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Figure 5. Single-Implant supplemental-oxygen-lmplant SIMOX 
BOXCAP AV^fc) data (symbols) from figure 2 for V g = -40 V 
(e QX near -1 MV/cm). Solid curves are hole transport and hole 
annealing model fit (see text). 

0.32 is very close to a= 0.33 obtained for hole transport in thick 
thermal field oxides [8]. Therefore, hole transport is the likely 
&V mg recovery process. 

The posiuvc-Vj 120, 193, and 405 K data for the single- 
implant SUPOX material from Figure 2a are replotted in Fig- 
ure 5 (symbols). Also shown (solid curves) are fits to the data of 
a general convolution model for the charge response of MOS 
structures ( 141. This model convolves the impulse response func- 
tions for hole transport, trapping, and detrapping with a radia- 
tion pulse to obtain the overall AV^r) of the system. (Interface 
trap effects may also be added.) For the 120 and 193 K cases, 
the hole transport was modeled with ce= 0.32 and an initial shift 
Ay(H) = -56.5 V. The time for half of the transport to take 
place, ft/2, was adjusted so that a best Tit was obtained to the 
data at each temperature. Fit values for t in were 0.4 s for 193 K 
and 2000 s for 1 20 K. The increasing negative shift with time in 
both cases implies that more than half of the holes transporting 
toward the BOX/substrate interface under the positive gate bias 
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become trapped at or near that interface. The fraction of holes 
captured at that interface,/,*, was also adjusted for the best fit to 
the 193 Kdata(/ (A = 0.67). 

The greater "noise" and smaller range of recovery seen in 
the triple-implant results (Fig. 3) preclude fitting the CTRW 
model to these data. However, as noted in Section III, the time- 
dependent response is qualitatively similar to that of the single- 
implant material. Overall, it is reasonable to conclude that hole 
transport is the dominant early/low-iemperature recovery proc- 
ess in both SUPOX materials. 

2. Late/High-Temperature Recovery 

As noted in Section III, a second recovery process that causes 
positive-going AV^ becomes important in both types of SUPOX 
material at high temperature (near 400 K) and later times (after 
0.1 s). The recovery is most evident in the positive- V g data for 
both materials (Figs. 2a and 3a). The process that causes this 
recovery must be loss of holes from traps at or near the back 
interface, since the hole transport is already complete and elec- 
tron motion under positive bias would be directed away from 
the back interface. The delayed onset of the second recovery 
and its appearance primarily at high temperature suggest that 
the process is thermal detrapping of the holes near the interface 
rather than their removal by a tunneling process, since tunnel- 
ing is only weakly thermally activated and would be expected 
to begin concurrent with arrival of significant numbers of holes 
near the interface; i.c., tunneling should overlap the last stages 
of the hole transport process. 

C. Modeling of Trapped Charge Distributions 

We employed a simple analytic model developed in previ- 
ous work [15] to generate estimates of the approximate location 
and magnitude of charge trapping in the SUPOX BOX materi- 
als. The model assumes uniform distributions of electron and 
hole traps in the oxide layer that capture electrons and holes 
with mean free paths S e and S ht respectively, and traps at the 
bottom (SKtysubstrate) interface that capture a specified frac- 
tion,/^ or/ A6 , of the electrons or holes, respectively, that reach 
that interface. (Trapping at the top interface is not considered 
here— recall that our measurements are not sensitive to trap- 
ping at that interface.) The shifts, AV + and AVI, under positive 
and negative bias, respectively, are given by 

*' AV + = TAVoiSddn extf-^*) - S h (\ - txp(-d ox /S h ))} 

+ Seldn-Std - exp(-<U$ e ))] (3) 
+ *JW*(1-mp(wUSa))). 

AV_ = -2AV 0 {5J^ tx\trd 0 JS e ) - 5,(1 - exp(-dJS e ))} 

+ Skldox - S h (\ - expHW)] (4) 
+ ^/«A(l-exp(- < / 0J /5 tf ))). 

Table 1 shows the results of applying the model to selected A V mg 
data for the SUPOX materials and also includes for comparison 
results from previous work for a standard SIMOX 
material [1]. The AV entries without parameter values (S e , S h , 



fhb'feb) ^ the measured values; the AV values with entries for 
the parameters are approximate fits to the measured values 
reached by trial-and-error adjustment of the parameters. Also 
shown are other results [2,13] for l c Jl co from x-ray 
photoconduction measurements performed with 1-s radiation 
pulses on the standard and single-implant SUPOX materials and 
the model predictions for these values. IaJI co = 1 corresponds 
to both holes and electrons moving completely through the BOX 
within the 1-s measurement time (see discussions elsewhere 
[2,13]). Results are fit for each material for early time at low 
temperature (before any hole transport), for I s at room tem- 
perature (after most of the hole transport and/or shallow elec- 
tron detrapping), and for late time at high temperature (into 
the late recovery stage). The model is crude— fiat distributions 
of traps in the oxide bulk and 6-function distributions at the 
interface— and cannot be expected to produce an exact fit to the 
results. Nor are the fits obtained necessarily unique. The intent 
was to determine if the measurement results could be approxi- 
mately reproduced by reasonable evolution of charge distribu- 
tions in the BOX. 

We fit the standard SIMOX results by adjusting only S e and 
S h (no interfacial trapping) as discussed elsewhere [1]. S h is much 
smaller than the BOX thickness d^ reflecting the very efficient 
trapping of holes in the BOX bulk; S e is about 10 times larger. 
Both and S e increase with time and temperature, reflecting 
the thermal detrapping of almost all the electrons and some 
detrapping of holes. 

At low temperature, we fit the single-implant SUPOX re- 
sults by assuming no hole motion and some bulk trapping of 
electrons (S e over six times d ox ), together with some trapping of 
electrons at the back interface. At room temperature, S A = 
1000 nm and //^ = 0.64 indicate substantial hole motion and 
strong trapping of holes at the back interface, in agreement with 
our results in Section IV. At high temperature, bulk hole trap- 
ping is eliminated (S A -» oo) ( and the interfacial hole trapping is 
strongly reduced, reflecting the (probably thermal) hole anneal 
process. Some electrons are lost from the interface with increas- 
ing temperature, but significantly, die bulk electron trapping does 
not change up to late times at high temperature, indicating that 
some electrons are very deeply trapped in the single-implant 
material. 

Fits to the triple-implant SUPOX data suggest that this 
material shows more bulk but less interfacial hole trapping than 
the single- implant material. At low temperature, the results in- 
dicate substantial electron trapping (S e comparable to d ox ) but 
by 1 s at room temperature these electrons are gone (S e -> ©°). 
This suggests that the triple-implant material has a significant 
density of shallow electron traps but no deep traps. 

V. Conclusions 

We have examined the time-dependent response to short- 
pulse irradiation of single- and triple-implant SIMOX buried 
oxides that had received a supplemental oxygen implant and 
anneal. The results show that, in comparison to standard 
(untreated) SIMOX BOX layers, both types of SUPOX materi- 
als show much less trapping of holes in the oxide bulk, as well 
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Table 1. Bulk-and-lnterface trapping model results for standard and supplementary-oxygen-lmplant 



SIMOX Material 


Dose 
(krad) 


AV* 
(V) 


AV 

(V) 


'cm' 'co 


5- 

(nm) 


n 
(nm) 


fhh 
* no 




otancuuu 


9.4 


-102 


-32 












137 K, 02 ms 




in 1 






202 


25 






295 K, 0.8 s 




-13.1 


-7.1 


0.5*0.06* 
0.47 


600 


60 






402 K. 400s 




-12.5 
-14.2 


-8.6 




3000 


150 








Singte-imptant 
supplemental O2 


26 


^56 


-153 


0.55 2 










120 K, 02 ms 




—JO 


— 14.7 


ft 4^ 

v.*W 


250 


0 


* 


035 


300 K, 0.8 s 




-73 

—to 


-72 

— / D 


0.85 3 

v.oJ 


250 


100 


0.64 


0.08 


405 K,400s 




-43 
-42 


-13.9 
-13.9 




250 


06 


0.38 


0.07 


Triple-implant 
supplemental O 2 


14J 


-23 


-19.4 












121 K, 0.2 ms 




-24 


-18.7 




500 


0 


* 


0 


294 K. 0.8s 




-28 
-28 


-162 
-16.1 




00 


160 


0.16 


0 


402 K, 400s 




-Hi 
-11.6 


-13.8 
-43 




00 


530 


0 


0 



iFrom ref. (I); *From ref [2 J; 'From ref. (131; * "Don't care " values - 



as evidence of hole transport through the oxide similar to that 
observed in thermally grown oxide layers. Like soft thermal 
oxides (e.g., unhardened field oxides), these materials also show 
evidence that a large fraction of the radiation-generated holes 
may become trapped at the Si(V$i interfaces and may cause 
back-channel voltage shifts in excess of those observed for 
100-percent bulk hole trapping in standard SIMOX. Annealing 
of these trapped holes evidently takes place at high temperature 
by thermal detrapping. 

The electron-trapping properties of the single- and triple- 
implant SUPOX materials differed from those of standard 
SIMOX and from each other. Unlike the standard SIMOX, the 
single-implant SUPOX showed substantial deep trapping of elec- 
trons in the BOX bulk and almost no shallow trapping. The triple- 
implant SUPOX material showed reduced shallow electron trap- 
ping in comparison to standard SIMOX, and no deep trapping. 

The nature of the electron traps in S IMOX is not clear at this 
time. The E' center— long considered to be the primary hole 
trap — has also recently been identified as a candidate deep elec- 
tron trapping site [16]. It may also be a shallow electron trap. It 
is possible that substantial deep electron trapping in standard 
SIMOX is masked by the extensive deep hole trapping. DC 
conduction measurements on the SUPOX BOX materials [17] 



indicate that the triple-implant material has lower conductivity 
(more like that of a thermal oxide) than does the single-implant 
material: this in turn suggests that more of the oxygen-deficiency 
defects have been eliminated. If these defects include the deep 
electron traps, then the presence of these traps in the single- 
implant material and their absence in the triple-implant material 
may be explained. However, this argument does not explain 
the apparent presence of shallow traps in the triple-implant 
material. 

The reduction of the density of bulk hole traps in the SIMOX 
BOX brought about by the supplemental-oxygen processing 
opens the way for hardening of the BOX by techniques devel- 
oped for reducing or compensating interfacial hole traps in con- 
ventional thermal oxides. The creation of deep electron traps in 
the single- implant supplemental-oxygen material may also be 
useful for radiation hardening of the buried oxide. 
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